Abstract-Physical and social interaction between humans and robots are important for humanoid robotics. In this article the characteristics of a handshake between humans are physically examined aiming at future experiments with a handshake between a human and a robot. A special pair of data gloves has been designed to measure quantitative characteristics of a handshake ritual such as duration, strength of the grip, and frequency of the rhythmic movements. Experiment results show that handshaking consists of four phases. After a physical contact, a mutual synchrony appears between the two persons. A statistical analysis shows that the frequency of this synchronization is around 4 Hz and average strength of the grip is 2.5 N.
I. INTRODUCTION
Usually, robots are used for a special set of tasks. The parameters of their environment are known and constrained and they do not perform any unexpected interaction until they are reprogrammed. The priorities of a large number of robots which work in industry are their accuracy and speed.
Advances in artificial intelligence and robotics are now looking to challenges in non-constrained robot environments [1] , [2] . More flexible and intelligent control systems are designed to create adaptive robots able to perform new tasks, interact or work with humans. Robots will become adaptable, acquire learning abilities and exhibit new behavior corresponding to any change in their environment [3] - [5] .
In the near future, the humanoid robot will appear in the human environment as a companion to help or to work with the humans. This raises the relevant question of interaction between a human and robot in a human -friendly behavior. The social robot is a focus of attention of researchers in robotics, psychology, neuroscience and sociology. There are works about security [6] and a real role of a robot [7] - [9] in the human environment. A great number of researches have been carried out in the field of physical Human-Robot Interaction (pHRI) wherein handshaking is an important subject [10] - [13] . Human-robot interaction has been studied through the handshaking action [14] . In [15] the authors propose a hybrid deliberate/reactive model to achieve natural handshaking between a human and a robot and they compare the trajectory and interaction force during the human-human and human-robot handshaking.
The origin of nonverbal human communication like handshaking goes back to extreme antiquity and investigations in human psychology are giving rise to comprehensive study of this social phenomenon. Handshaking has an important social function of regulating and maintaining human interactions [16] , [17] , and it is a universally accepted pattern of behavior in societies that initiates and constitutes social interaction [18] . Some works show that there seems to be a strong association between poor handshaking skills and autistic psychopathology [19] . According to [20] a handshake provides the information about the person character. Several studies show that specific handshake manners may depend on personality traits [21] . In [22] it is shown that handshake characteristics like completeness of grip (forces), strength, duration, vigor (frequency) and others are related to particular orthogonal factors of personality. The authors define a set of qualitative characteristics related to impressions of the experiment participants. Thus, one can imagine that in future a humanoid robot will be able to handshake with humans like humans and why not with different personality characteristics. This paper aims to better understand a handshake between humans. Experiments are carried out aiming at a quantitative analysis of a handshake, especially the synchrony phenomenon that appears when the hands of two humans interact. Coupling energy of interaction between oscillating systems causes synchronization and it is defined as an adjustment of frequency of one or both of the coupling objects (mutual adjustment) [23] . This nonlinear phenomenon is well-known in biological and physical systems where various oscillating systems interact and start to behave synchronously by adjusting their own frequencies. For example, two people walk synchronously after a few tens of steps, the choristers heart rhythms are synchronized while singing, the breathing of a baby synchronizes with the breathing of its pregnant mother. Moreover, an interesting aspect of the phenomenon of synchronization in human interactions is its unintentional nature.
Several researches in psychology take into account the concept of synchrony for its important role in early development, language learning and social interaction. As humanoid robot actions will occur in a social context, the phenomenon of synchrony is now being studied in such fields as social signal processing, machine learning and robotics [24] . In [25] , the authors describe the mechanism of HumanRobot Interaction which is initiated by synchrony detection. In [26] , human motor coordination responses indicate that the participants tend to synchronize with agents with better overall perception. Based on the results of this experimental study, the authors suggest that a humanoid robot with good overall perception as a "social entity" may facilitate "engaging" interactions with a human. In [27] , [28] , the authors show that the synchrony between a human and a robot arm when they interact in a handshaking situation can be learnt using adaptive oscillators or central pattern generators (CPG). In this paper, the characteristics of a handshake between humans are physically examined aiming at future experiments with handshakes between a human and a robot. A special pair of data gloves has been designed to measure quantitative characteristics of a handshake ritual such as duration, strength of the grip, and frequency of the rhythmic movements.
Analysis of Synchrony of a Handshake Between Humans
After this introduction, the second part of this paper describes the proposed materials and methods to measure handshake synchrony. The third part presents the experiments. Analysis of the synchrony during several handshakes between various couples of humans is carried out. Finally, the conclusion and perspectives are given in the fourth part.
II. MATERIALS AND METHODS

A. Materials
To measure human handshake characteristics, a customized wearable experimental setup has been designed (see [29] for more details). It consists of a set of several sensors (accelerometers, gyroscopes and force sensitive resistors) attached to a glove, and of a microcontroller for signal acquisition and conditioning. Our system allows reproducible experiments to quantify handshake characteristics such as duration and strength of the grip, vigor and rhythmicity of a handshake. Compared to the commercially existing systems (which are not available in Ukraine) our system is cheaper and it allows measuring hand grip force simultaneously with acceleration. The glove equipped with six degrees of freedom (6 DoF) inertial measurement unit (IMU) and six force sensitive resistors (FSR) transduces hand movement parameters and interaction force values. The FSR are glued on the palm region of the glove to get the data about the fullness of the grip of two interacting hands (Fig.1a) . The 6 DoF IMU is attached to each glove on the back of the palm (opisthenar). It provides three linear accelerations and three angular velocities. Accelerations allow measuring vigor of a handshake and angular velocities allow reconstructing the motion of the hand for other experiments not presented in this paper. Force, fi FSR 10 kg ADC 6…11 Figure 1 . Two interacting subjects carrying the prototype system. a) the data gloves (subjects I and II); b) the six force sensitive resistors (above sensors position on the hand is shown); c) local coordinate system (CS) for accelerometers; d) local coordinate system for gyroscopes.
B. Methods
The dynamics of interaction between two hands during a handshake is investigated to examine the phenomenon of synchrony. The Phase Locking Value index (PLV) is used to compute the phase difference between the accelerations of the two human hands. PLV is a method presented by Lachaux et al. for detecting EEG synchrony in a band of frequencies [31] . The PLV is obtained after having applied filtering and a convolution with a complex Gabor wavelet on the two signals (see [31] for more details). The PLV value is close to 1 for synchronized signals and approaches 0 otherwise. In our experiments, the PLV is defined by: 
III. EXPERIMENTAL RESULTS OF HANDSHAKING
A. Experimental setup
Two persons were equipped with our system of sensors and were proposed to start a casual handshake. The persons were allowed looking and speaking to each other for more natural experimental conditions. They stood at arm length, so they did not have to do any additional movements except handshaking (Fig. 1) . Before starting handshaking, a twostage calibration procedure was applied to obtain adequate measurements from the sensors. During the first stage the subjects did not move, they were in their natural standing position with arms lowered down. During the second stage the subjects were asked to produce, with their hands in front of them, several elementary movements (pronation, supination, flexion, extension, ulnar, radial deviations). A set of five successive handshakes is presented in Fig.2 for the subject I and subject II. The first subfigure shows the acceleration from the x axis of the accelerometer (sagittal plan), the second and third subfigures depict accelerations on y (sagittal plan) and z-axis respectively (frontal plan). The fourth subfigure depicts mean forces on the data glove of two persons (upper-side f 1 , f 2 , f 3 and lower-side f 4 , f 5 , f 6 sensors of the data glove). The average duration of a handshake is 2.67 seconds (with a standard deviation 0.86 s) and a pause (an interval between two handshakes) is 3.57 s (with s standard deviation 0.69 s). The maximum acceleration does not exceed 4.1 g. In this part of the work the average of the forces are only used to determine the physical contact. The average grip force f m is around 3.5 N. The subject I seems to be stronger than the subject II. This characteristic will be utilized in other experiments to classify the personality of subjects.
B. Handshake analysis of one pair of persons
On the Fig. 3 the analysis focuses on the third handshake of Fig.2 those (from 14s to 20 s) . The accelerations measured on the hands show that handshaking is a phenomenon that can be decomposed into four phases. In phase 1, a visual contact is established, and the persons bring their hands to start the shake (start of handshake: SoH). In phase 2, a physical contact (PhC) is established, and the participants are in the first phase of the interaction, unconsciously synchronizing their movements. In phase 3, movements are mutually synchronized (MS), and handshake continues. Phase 4 corresponds to the end of the handshake (EoH), physical connection is broken, and hands freely move back to subjects' bodies. The PLV indicates that synchrony appears after 0.5 s (before the interaction, the PLV value is low) and is maintained until the end of the handshake The accelerations also show that the main movement occurs in the sagittal plane. Indeed, the acceleration values on x and z axes must be modified taking into account the rotation of the hands during the movement (this rotation is not currently corrected). In fact, x and z accelerations are smaller compared to the acceleration on y axis. Thus only y axis data are considered for analysis. The angular velocities are depicted in Fig. 4 . In the phase of MS, the maximum is ±200 •/s, while at the beginning of the transition phase PhC velocity is ±500 •/s before its attenuation. Accelerations and average forces measured on the two human arms during five handshakes.
. Figure 3 . Acceleration measured in the coordinate frame of the IMU during a handshake and PLV. Axes z of the two subjetcs are opposed (see Fig. 1 ). The PLV is computed on accelerations. The pX (respictevely: pY and pZ) is PLV result of aX (respictevely: aY and aZ) using eq.(1). The forces are averaged on the six sensors of two persons. Figure 4 . Angular velocities measured in the coordinate frame of the IMU during a handshake and PLV. Axis z for velocity corresponds to axis y for accelerations (see Fig. 1 ).
MS
The PLV applied to these signals shows that synchronization seems to start 0.5 s later than when it is computed based on acceleration values. As the linear acceleration expresses better the vigor and the dynamics of the handshake, the PLV will be computed on accelerations ay in the rest of the paper. The PhC phase is defined in the interval of time from the first contact measured with the force sensors till the PLV becomes equal to 1 (Fig. 3) . The MS phase is defined in the time interval where PLV is maintained at 1.0.
The fig. 5 shows a frequency analysis during the handshake. A fast Fourier transformation (FFT) is applied to the acceleration signals during PhC and MS phases. For the two subjects, in the PhC phase, the main values of the frequencies are approximately distributed in the two large lobes [1Hz -6 Hz] and [6Hz -10 Hz]. For the MS phase the main frequency appears around 4Hz with a narrow bandwidth of 1.5Hz. This difference means that, during the handshake, there is a shift of the frequency of the movement from an unsynchronized rhythmic movement to a stable synchronized rhythmic movement. This phenomenon is statically analyzed in the next subsection. 
C. Statistical analysis of a handshake
Aiming to prepare for future experiments with a large number of persons, preliminary experiments to analyze frequencies and durations of the handshake were carried out for six couples of persons (men from 20 to 45 years old) four handshakes per couple, i.e. 24 mixed handshakes. The goal of these experiments was unknown for the participants.
A statistical analysis of frequency shows the average of spectrums for the two phases in Fig. 6 . For the PhC phase, frequencies are distributed around 3.2 Hz but with a wide band of 3 Hz. In the MS phase, the main frequency of 4.2 Hz with a narrow band of 1 Hz appears again. Amplitudes are approximately the same in the two phases. Thus, during the handshake, the movement synchronizes and accelerates to reach the frequency around 4 Hz and the two human upper limbs are coupled in a stable cycle limit. This seems to mean that people "are not yet familiar physically" before MS.
When the synchronization appears at the common frequency, people seem to communicate physically.
The frequency around 4Hz suggests that the subjects shake their hand rather fast. This surprising result must be confirmed by other future additional experiments. Indeed, the frequency of handshaking may depend on the psychological state of one of the persons. But in all cases, a humanoid robot must be able to reproduce the motion of this frequency in secure conditions if it handshakes with a human. The fig. 7 shows the average duration of the two phases for all the couples of persons. The MS phase is almost three times wider than the PhC phase. The PhC phase is almost the same for all the handshakes. Notice that the average strength force measured during the handshake is around 2.5N. 
IV. CONCLUSION
The synchrony is a natural behavioral property of people. In this paper, we have shown that a handshake has four main phases. During the rhythmic physical interaction, in the first phase, the movements occur asynchronously, in the other phase they are phase-locked. Experiments have shown that a phenomenon of physical synchronization occurs during the handshake. Statistical analysis shows that the fundamental frequency of the movement in the synchronization phase is around 4 Hz and the average strength force is about 2.5 N for all the subjects. This frequency of 4 Hz is a surprising result.
In future works, we will investigate a large number of handshaking experiments with a large pool of human subjects including several coded social behavior for subjects. The results will provide behavior models that we could implement in a compliant robotic arm in order to reproduce handshaking between a human and robots. Moreover, it will be necessary to model and simulate personalities, and to investigate how perception (eye contact, temperature and humidity of the hand) can influence on the handshaking. 
